Introduction
Metabolic control in skeletal muscle accommodates a wide dynamic range of energy demand from at rest, through during exercise to in recovery. During exercise both the anaerobic and the aerobic pathways are activated, while in recovery, aerobic ATP production is dominant. In skeletal muscle, phosphorus-containing metabolites are the most important regulators of the synthesis of ATP by the mitochondrion. There remains disagreement about the precise mechanism of the control of oxidative phosphorylation in vivo [I] . Several mechanisms may be involved, including control by P,, ADP, phosphorylation potential and by substrate availAbbreviation used: I'Cr, phosphocreatine ability. It is unlikely that a single mechanism regulates ATP production under all conditions.
Information about the control of mitochondrial function in skeletal muscle in vivo can be obtained from the relationship between the rate of mitochondria1 oxidation and the intracellular concentrations of phosphorus metabolites, although the analysis is complicated by the constraints that are imposed by the creatine-kinase equilibrium [ 21. W e and others have used phosphorus ("P) n.m.r. of skeletal muscle in humans and in animals to analyse the concentrations of ATP, ADP, phosphocreatine (PCr), P, and H +, at rest, during exercise at different workloads and in recovery from exercise (for a review see [ 31).
W e approached the problem of the control in skeletal muscle in several ways: (1) by studying the Volume 
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Regulation of Oxidative Phosphorylation control of PCr resynthesis during recovery from exercise in human skeletal muscle [2] , including the consideration of processes that generate and that remove H' from the muscle cell [4] ; (2) by formulating a theoretical model for the interplay of mitochondrial ATP synthesis and H + efflux in recovery from exercise [5] ; (3) by measuring the flux between ATP and P, during steady-state isometric muscle contraction in the rat hind limb in vivo over a range of tetanic contraction frequencies and of duration [6] ; and (4) by examining muscle bioenergetics in a group of patients with known mitochondrial abnormalities [ 2, 31.
Relationship between PCr resynthesis and metabolite concentrations
'I'he analysis of the dependence of mitochondria1 oxidation rate on phosphorus-metabolite concentrations in muscle is complicated by the near-equilibriuni process catalysed by creatine kinase which ensures that PCr, AI)P and intracellular pH are related by the expression 121: [7] . This is the reason that it has not been possible to reconcile the model based on hyperbolic ADP-control with those based on linear driving function. If the pII is allowed to vary, the additional degree of freedom should enable the dependence on ADP and on PCr concentrations to be dissociated. W e have show n that, under such conditions in human muscle, the recovery kinetics of ADP and of PCr shou that mitochondrial ATP synthesis has a hyperbolic dependence on [ 
Model for the control of ATP synthesis
Hased on the observations above we developed a model that substantially reproduces the metabolic response in recovery of a wide range of PCr and of pH values and that can be used to quantitatively assess the changes that are observed in diseased muscle [ 5 1. 
Mitochondria1 disease
In the patients with known severe mitochondrial rnyopathy, the rate of PCr synthesis is decreased throughout recovery, but there is some evidence that defective mitochondrial function can be par- [2] . The model described above accounts fully for these observations.
Conclusions
The " P n.m.r. analysis of recovery data indicates the important control function of ADP for oxidative phosphorylation. Through the creatine-kinasecatalysed equilibrium, the concentration of A1 )I' is pH-dependent and the control is therefore also linked to glycogenolysis and to lactate production, as uell as t o proton removal.
The extension of the analysis and "I' ii.m.r.
measurements to exercising human muscle leads to quantitative estimates of buffer capacity, the rate of proton efflux and of the relative contributions to A'I'P production of oxidation and of anaerobic glycogenolysis [ 4 I.
